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Abstract 

Naturally light singlet neutrinos which mix with the usual doublet neutrinos are 
possible if the supersymmetric standard gauge model is extended to include a specihc 
additional U(l) factor derivable from an Eq decomposition. The low-energy particle 
content of the model is limited to the fundamental 27 representations of Eq. 


The three known neutrinos i^e, t'/i, and are each a component of an SU{2) x U{1) 
doublet, pairing with the left-handed projections of the charged leptons e, p, and r re¬ 
spectively. They are generally considered to be Majorana fermions with very small masses 
arising from the so-called “seesaw” mechanism. This means that there should be three 
heavy neutral fermion singlets iVi^ 2,3 which also couple to r'e./i.r through the usual Higgs dou¬ 
blet $ = 0°) of the standard model. As 0° acquires a nonzero vev (vacuum expectation 

value), a Dirac mass term niD linking z/ and N is obtained, yielding the well-known result 
rriy ~ m\)/m]^. The most natural origin of A^i, 2,3 is that associated with a left-right model 
where they can be identihed as the right-handed counterparts of the left-handed neutrinos. 
As the SU{2)l x SU{2)ji x U{1) gauge symmetry breaks down to the standard SU{ 2 ) xU{l), 
a large mjv may be obtained. 


Whereas the usual seesaw mechanism is based on a 2 x 2 matrix 


M 2 


0 rriD 

rriD thn 


( 1 ) 


with the doublet neutrino getting a small mass, there is also the simple variation where it 
is the singlet neutrino which gets a small mass. Consider the left-handed fermion doublets 
{ue, E) and N^) transforming as (2, —1/2) and (2,1/2) respectively under the standard 
SU{2) X U{1). Add a neutral fermion singlet S and forbid it to have a Majorana mass term 
by an appropriate symmetry. The 3x3 mass matrix spanning ue, N^, and S may then be 
given by 


M 3 


/ 0 niE mi \ 

ruE 0 m 2 , 


( 2 ) 


\ mi m 2 0 / 

where mi 2 are proportional to the vev of an appropriate Higgs doublet and m^ is now an 
allowed gauge-invariant mass. For mi ^2 « mE, we then have ms — 2 mim 2 /mE- If M 3 is 
also linked to Ad 2 , then the light singlet S will also mix with the usual doublet neutrinos. 


If a light singlet neutrino exists in addition to the three doublet neutrinos, a compre- 
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hensive picture of neutrino oscillations and hot dark matter becomes possible. This is 
especially so because of the recent results of the LSND (Liquid Scintillator Neutrino De¬ 
tector) experiment]^] which may be interpreted as oscillating to v^. with a Am^ of a few 
eV^. To avoid the severe constraint on the effective number of neutrinos from big-bang 
nucleosynthesis, 0 ] the singlet neutrino may be used only to account for the solar data by 
mixing with v^. in the matter-enhanced small-angle solution or the long-wavelength large- 
angle solution. 

A good model for a light singlet neutrino should have an appropriate symmetry which 
forbids it to have a Majorana mass term, as already noted. It is of course easy to impose such 
a symmetry, but for it to be natural, it should come from a more fundamental framework, 
such as grand unihcation or string theory for example. As it turns out, Eq. ( 2 ) is a natural 
consequence of the superstring-inspired Eg model. Unfortunately, the corresponding 
of Eq. (1) is zero there. p| This means that combine with iVi 2,3 to form Dirac neutrinos 
and their small masses are unexplained. On the other hand, gravitationally induced non- 
renormalizable interactions [|^ may produce large Majorana mass terms for both A and S', 
in which case are again naturally light by virtue of the seesaw mechanism, but they 
will be the only ones. 

The low-energy gauge symmetry of a superstring-inspired Eg model is often taken to be 
SU{3)c X SU{2 )l X U{1)y x U{l)rf, because the flux mechanism of symmetry breaking in 
string theory involves the adjoint representation and it is not possible]^ to break Eg all the 
way down to the gauge symmetry of the standard model. If only one extra U{1) factor is 
present, then it is necessarily U{l)n, according to which both N and S transform nontrivially. 
They are thus protected by this gauge symmetry from acquiring large Majorana masses. For 
the nonrenormalizable mechanism of Ref. [7] to work, the U{l)r^ must also be broken at an 
intermediate scale by nen’s along the N and S directions. To obtain a light neutrino doublet 
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with Eq. (1) as well as a light neutrino singlet with Eq. (2), the idea then is to replace U{l)r] 
with another U{1) under which N is trivial but S is not, so that only the former may acquire 
a large Majorana mass. In the following this extended gauge model is described. 

Consider the maximal subgroup SU{3)c x SU{3)l x SU{3)r of Eq. The fundamental 27 
representation of Eq is then given by 


27 = (3, 3,1) + (3*, 1, 3*) + (1, 3*, 3). (3) 

Under the decompositions SU{3)l —>■ SU{2)i x U(l)y^ and SU{3)ji —>• x [/(l)y^, 

the individual left-handed fermionic components are dehned as follows. 0 


(m, d) ~ 

(«^e, e) ~ 
~ 

d" ~ 

~ 

N ~ 
h ~ 
h" ~ 
E) ~ 
(E^.N^e) ~ 

Note that the electric charge is given here 

Q = nL- 


(3; 2,^; 0,0), 

( 4 ) 

(l;2,-i;0,-l). 

( 5 ) 

(3*;0,0;-^,-^), 

(6) 

(3*;0,0;^,-^), 

( 7 ) 

111 

(1;0,-;-,-), 

( 8 ) 

111 

(3;0,-^;0,0), 

(9) 

(10) 

(3*;0,0;0,k 

(11) 

111 
“2’6^’ 

(12) 

2’6^’ 

( 13 ) 

^ 1 ^ 

CO 1 1— 

1 

CO 1 1- 

(14) 


Yl + T^r + Yr) (15) 


and there are three families of these fermions and their bosonic superpartners. 
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Consider now the S'(9(10) decomposition of the 27 representation: 



27= 16 + 10 + 1. 

(16) 

Two options are available. The conventional one (Option A) is 


16 = 

(m, d) + + (r'e) Y) + iV, 

(17) 

10 = 

h + (.F^ iV^) + + (Z/E, E), 

(18) 

1 = 

5. 

(19) 

The alternative one (Option B) 

is|| 


16 = 

(u, d) + + {vei E) + S, 

(20) 

10 = 

h + (A"^, Yg) + d^ + (z^e, e). 

(21) 

1 = 

N. 

(22) 


The latter is obtained from the former by the exchange! 


d"" ^ h'", (i/e, e) ^ (z/^, E), N ^ S, 


(23) 


SO that SU{3)r is broken along a different direction, namely that given by 


(24) 


As far as the standard SU{3)c x SU{2)l x U{1)y gange symmetry is concerned, the two 
options are identical becanse 


T'^ + Y^, = T^r + Yr = Q- Tsl - Yl. (25) 

In the U{l)r^ extension, it can also be shown that there is no difference becanse Qrj is propor¬ 
tional to T^L + dYi — Q.^ Fnrthermore, the same Ynkawa terms are allowed by either option. 
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independent of any additional U{1). This is easily seen by expressing the 27 representation 
in terms of its (S'O(IO), SU{5)) components: 

27 = (16,10) + (16, 5*) + (16,1) + (10, 5) + (10, 5*) + (1,1). (26) 

The allowed terms must then be of the form (16,10)(16,10)(10,5), (16,10)(16,5*)(10,5*), 
(10,5)(16,5*)(16,1), and (10,5)(10,5*)(1,1), which remain the same if (16,5*) and (10,5*) 
are exchanged together with (16,1) and (1,1), in accordance with Eq. (23). 

Two U (1) factors are conventionally dehned in Option A by the symmetry breaking chain 

Ee AO(IO) X U{1)^, ^O(IO) ^ SU{5) x 17(1)^. (27) 

If the extended gauge model contains only one additional U{1) factor, it must be a linear 
combination of U{1)^ and 17(l)x- Let 

Q{a) = cosa + Q^sina, (28) 

then the U{l)n from flux breaking corresponds to tana = ^3/5. On the other hand, the 

17(1) factor for which N is trivial is clearly that which would be called U{1)^ in Option 

B. This turns out to be given by tana = — y'T/lS. To obtain this factor which will be 
called U{1)n from now on, the flux breaking of Eq must be augmented by the usual Higgs 
mechanism, presumably at near the same scale. Consider then a pair of superheavy 27 
and 27* representations. Assume that they develop vev^s along the N and N* directions 
respectively. Then Eq is broken down to the AO (10) of Option B. Assume also that the flux 
mechanism breaks SU{3)l to SU{2)l x 17(l)y^, i.e. along the (1,0) direction, and SU{3)r 
to 17(1 )t3^ X 17(l)y^, i.e. along the (3,0) direction. Then the resulting gauge symmetry is 
exactly SU{3)c x SU{2)r x U{1)y x U{1)n with 

Qn = + Tsr — 9Yr. (29) 
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The individual particle assignments under 17(1 )at are then 


{u,d),u'^,e‘^ : 

: 1 , 

(30) 

d", (z/e, e) : 

: 2 , 

(31) 

K{E%N%) : 

: - 2 , 

(32) 

h^A^E.E) : 

: -3, 

(33) 

S : 

: 5, 

(34) 

N : 

: 0 . 

(35) 


As in any other superstring-inspired Eq model, a discrete symmetry must be imposed to 
eliminate rapid proton decay. Here a Z 2 symmetry is assumed where all superhelds are 
odd except one copy each of {ve^E), and S, which are even. Consequently, the 

allowed cubic terms of the superpotential are u^{uN% — dE^), d^{uE — duE), e^iv^E — cue), 
S{EE^ — veN'^), Shh^, and N{i>eN^ — eE^). As the scalar components of the even superhelds 
ue, and S acquire nen’s, all particles obtain masses in the usual way. In addition, since 
N is now a gauge singlet, it may acquire a large Majorana mass from nonrenormalizable 
interactions. []^ The quadratic terms d'^h and UsNe ~ ^E^ are also gauge singlets, and allowed 
by the discrete Z 2 symmetry. [The latter term is of course restricted to the two odd N'^) 
doublets.] They are soft terms which reduce the symmetries of the Lagrangian and may thus 
be assumed to be naturally small. [|ll[| Their origin is presumably also from nonrenormalizable 
interactions. Note that both baryon number and lepton number remain conserved. 


Consider now the 5x5 mass matrix spanning N, ue, N^, and S. It is exactly given 


M,= 


and 

adding 

a z/e 

term: 


0 

mo 

0 

m 3 

0 

\ 

niD 

rriN 

0 

0 

0 


0 

0 

0 

rriE 

mi 


m 3 

0 

niE 

0 

m2 


0 

0 

mi 

m2 

0 

/ 


(36) 
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where mo and mi come from {N^), m 2 from (hg), and mE from (S'). The S fermion 
corresonding to the last vev is even under Z 2 and it becomes massive because U{1)n is 
broken by (S) through which a mass term is generated, linking it with the corresponding 
gauge fermion. The two odd S^s remain light and are naturally suited to be light singlet 
neutrinos. For illustration, let mi = m 2 = me = 0.5 MeV and mE = 2 x 10^ GeV, then 
ms — 2mim2/mE = 2.5 x 10“^ eV. Assuming that m^y^ is much smaller, then z/g — vs 
oscillations occur with Am^ ~ 6 x 10 “® eV^ which is in the right range to account for the 
solar data. The mixing angle between z/g and z /5 is given by m^/2m2 and should be about 
0.04 for sin^ 26^ ~ 6 x 10“^. 

In conclusion, a supersymmetric extended gauge model based on SU{3)c x SU(2)l x 
U (l)y X U (l)v has been proposed. This gauge symmetry is derivable from an Eq superstring 
model through a combination of flux breaking and the usual Higgs mechanism with a pair of 
superheavy 27 and 27* representations. Its particle content consists of three supermultiplets 
belonging to the fundamental 27 representation of Eq as listed in Eqs. (4) to (14) and is 
given by Eq. (29). The three N singlets are trivial under U{1)n and naturally acquire large 
Majorana masses from gravitationally induced nonrenormalizable interactions. One of the 
S singlets has a vev which breaks U{1)n at an unspecihed scale and renders all remaining 
particles heavy except for those of the supersymmetric standard model and the other two 
S singlets. At and below the electroweak energy scale, this model differs from the minimal 
supersymmetric standard model (MSSM) in the following important ways. (1) The three 
known doublet neutrinos z/g, z/^, and have small Majorana masses instead of being massless 
as in the MSSM. (2) Two light singlet neutrinos exist and they may have small mixings with 
z/g, z/^, and z/,-. This allows for a comprehensive understanding of neutrino oscillations as well 
as hot dark matter in the face of all available data. (3) The scalar partners of one set of the 
{ue, E) and (E*^, N%) superhelds are identihed with the two usual Higgs doublets $1 and $2 



of the MSSM. However, the Higgs potentials are different because the superpotential here 


has the cubic term {ueN^ — EE'^)S whereas the MSSM has the quadratic term 0°02 
Hence the corresponding higgsino mass is bounded here by (S) whereas in the MSSM, there 
is no understanding as to why this mass should be much smaller than the unihcation scale 
of 10^® GeV or the Planck scale of 10^® GeV. The Higgs potential of this model has only two 
doublets at the electroweak energy scale, but because of the above-mentioned cubic term in 
the superpotential, it differs from that of the MSSM by one extra coupling. Previous such 


examples have been given for other gauge extensions. |112 
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